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CP violation in the standard model

• Irreducible phase of the 
Cabibbo-Kobayashi-Maskawa 
matrix describing the charged 
currents of quarks 

• Potentially large effects in 
transitions involving the third 
generation 

• Highly suppressed for charm, 
which has small couplings to 
the third generation
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<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

1
<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

1
<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

��
<latexit sha1_base64="c8fu03cmC9CwY/z6422PfmcADVw=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGTV0W3bisYB/SDjWTybShSWZIMkIZ+hVuFBRx6+e482/MtF1o64HA4Zxzyb0nSDjTxnW/ncLa+sbmVrFU3t7Z3duvHBy2dZwqQlsk5rHqBlhTziRtGWY47SaKYhFw2gnG17nfeaRKs1jemUlCfYGHkkWMYGOl+/M+t9kQlweVqltzZ0CrxFuQaqOUvDwAQHNQ+eqHMUkFlYZwrHXPcxPjZ1gZRjidlvuppgkmYzykPUslFlT72WzhKTq1SoiiWNknDZqpvycyLLSeiMAmBTYjvezl4n9eLzXRpZ8xmaSGSjL/KEo5MjHKr0chU5QYPrEEE8XsroiMsMLE2I7yErzlk1dJ+6LmuTXv1rZxBXMU4RhO4Aw8qEMDbqAJLSAg4Ale4c1RzrPz7nzMowVnMXMEf+B8/gAm2ZF2</latexit><latexit sha1_base64="gs3/aLc4YZSzsOL7KtMd9hxcbyU=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGjS6LblxWsA9th5LJpG1okhmSjFiGfoUbBUXcuvFf3Pk1mmm70NYDgcM555J7TxBzpo3rfjm5peWV1bV8obi+sbm1XdrZbegoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDC8yv3lHlWaRvDajmPoC9yXrMYKNlW6OO9xmQ1zslspuxZ0ALRJvRsrVQvx0+3H/XeuWPjthRBJBpSEca9323Nj4KVaGEU7HxU6iaYzJEPdp21KJBdV+Oll4jA6tEqJepOyTBk3U3xMpFlqPRGCTApuBnvcy8T+vnZjemZ8yGSeGSjL9qJdwZCKUXY9CpigxfGQJJorZXREZYIWJsR1lJXjzJy+SxknFcyvelW3jHKbIwz4cwBF4cApVuIQa1IGAgAd4hhdHOY/Oq/M2jeac2cwe/IHz/gP9W5OW</latexit><latexit sha1_base64="gs3/aLc4YZSzsOL7KtMd9hxcbyU=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGjS6LblxWsA9th5LJpG1okhmSjFiGfoUbBUXcuvFf3Pk1mmm70NYDgcM555J7TxBzpo3rfjm5peWV1bV8obi+sbm1XdrZbegoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDC8yv3lHlWaRvDajmPoC9yXrMYKNlW6OO9xmQ1zslspuxZ0ALRJvRsrVQvx0+3H/XeuWPjthRBJBpSEca9323Nj4KVaGEU7HxU6iaYzJEPdp21KJBdV+Oll4jA6tEqJepOyTBk3U3xMpFlqPRGCTApuBnvcy8T+vnZjemZ8yGSeGSjL9qJdwZCKUXY9CpigxfGQJJorZXREZYIWJsR1lJXjzJy+SxknFcyvelW3jHKbIwz4cwBF4cApVuIQa1IGAgAd4hhdHOY/Oq/M2jeac2cwe/IHz/gP9W5OW</latexit><latexit sha1_base64="jaZ0YO9udt4dWC3ZEOEi1KudcJ8=">AAAB8HicbVC7TsMwFL0pr1JeAUYWiwqJhSphgbGChbFI9IHaqHIcp7VqO5HtIFVRv4KFAYRY+Rw2/ganzQAtR7J0dM658r0nTDnTxvO+ncra+sbmVnW7trO7t3/gHh51dJIpQtsk4YnqhVhTziRtG2Y47aWKYhFy2g0nt4XffaJKs0Q+mGlKA4FHksWMYGOlx4sBt9kI14Zu3Wt4c6BV4pekDiVaQ/drECUkE1QawrHWfd9LTZBjZRjhdFYbZJqmmEzwiPYtlVhQHeTzhWfozCoRihNlnzRorv6eyLHQeipCmxTYjPWyV4j/ef3MxNdBzmSaGSrJ4qM448gkqLgeRUxRYvjUEkwUs7siMsYKE2M7Kkrwl09eJZ3Lhu81/Huv3rwp66jCCZzCOfhwBU24gxa0gYCAZ3iFN0c5L86787GIVpxy5hj+wPn8Adzoj8Q=</latexit>

V ⇡
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1

CCCCCCCCCCCCA

<latexit sha1_base64="L5BR9mZFUOXCs0ffc8rtTM9izA4="></latexit><latexit sha1_base64="HpRlp2sqJYAPEeV7AydieIGBmzI="></latexit><latexit sha1_base64="HpRlp2sqJYAPEeV7AydieIGBmzI="></latexit><latexit sha1_base64="R61M2kdD/TgFwqaLIBhwFRDtb+4="></latexit>

d
<latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit>

s
<latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit> b

<latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit>

u
<latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit>

c
<latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit>

t
<latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit>

� ⇡ 0.22
<latexit sha1_base64="UGCiI4z3F2hqQ/9qzDsD2vgvNWk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gHtUDKZTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09UDgcM653JsTSUa18f1vZ219Y3Nru7JT3d3bPzh0j447WmQKkzYWTKhehDRhlJO2oYaRnlQEpREj3WhyM/O7D0RpKvi9ySUJUzTiNKEYGSsN3dqA2XCMBkhKJR6h7zUaQ7fue/4ccJUEJamDEq2h+zWIBc5Swg1mSOt+4EsTFkgZihmZVgeZJhLhCRqRvqUcpUSHxfz4KTyzSgwToezjBs7V3xMFSrXO08gmU2TGetmbif95/cwkV2FBucwM4XixKMkYNALOmoAxVQQblluCsKL2VojHSCFsbF9VW0Kw/OVV0ml4ge8Fdxf15nVZRwWcgFNwDgJwCZrgFrRAG2CQg2fwCt6cJ+fFeXc+FtE1p5ypgT9wPn8AfkqT/g==</latexit><latexit sha1_base64="UGCiI4z3F2hqQ/9qzDsD2vgvNWk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gHtUDKZTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09UDgcM653JsTSUa18f1vZ219Y3Nru7JT3d3bPzh0j447WmQKkzYWTKhehDRhlJO2oYaRnlQEpREj3WhyM/O7D0RpKvi9ySUJUzTiNKEYGSsN3dqA2XCMBkhKJR6h7zUaQ7fue/4ccJUEJamDEq2h+zWIBc5Swg1mSOt+4EsTFkgZihmZVgeZJhLhCRqRvqUcpUSHxfz4KTyzSgwToezjBs7V3xMFSrXO08gmU2TGetmbif95/cwkV2FBucwM4XixKMkYNALOmoAxVQQblluCsKL2VojHSCFsbF9VW0Kw/OVV0ml4ge8Fdxf15nVZRwWcgFNwDgJwCZrgFrRAG2CQg2fwCt6cJ+fFeXc+FtE1p5ypgT9wPn8AfkqT/g==</latexit><latexit sha1_base64="UGCiI4z3F2hqQ/9qzDsD2vgvNWk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gHtUDKZTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09UDgcM653JsTSUa18f1vZ219Y3Nru7JT3d3bPzh0j447WmQKkzYWTKhehDRhlJO2oYaRnlQEpREj3WhyM/O7D0RpKvi9ySUJUzTiNKEYGSsN3dqA2XCMBkhKJR6h7zUaQ7fue/4ccJUEJamDEq2h+zWIBc5Swg1mSOt+4EsTFkgZihmZVgeZJhLhCRqRvqUcpUSHxfz4KTyzSgwToezjBs7V3xMFSrXO08gmU2TGetmbif95/cwkV2FBucwM4XixKMkYNALOmoAxVQQblluCsKL2VojHSCFsbF9VW0Kw/OVV0ml4ge8Fdxf15nVZRwWcgFNwDgJwCZrgFrRAG2CQg2fwCt6cJ+fFeXc+FtE1p5ypgT9wPn8AfkqT/g==</latexit><latexit sha1_base64="UGCiI4z3F2hqQ/9qzDsD2vgvNWk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDTNF0GXRjcsK9gHtUDKZTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09UDgcM653JsTSUa18f1vZ219Y3Nru7JT3d3bPzh0j447WmQKkzYWTKhehDRhlJO2oYaRnlQEpREj3WhyM/O7D0RpKvi9ySUJUzTiNKEYGSsN3dqA2XCMBkhKJR6h7zUaQ7fue/4ccJUEJamDEq2h+zWIBc5Swg1mSOt+4EsTFkgZihmZVgeZJhLhCRqRvqUcpUSHxfz4KTyzSgwToezjBs7V3xMFSrXO08gmU2TGetmbif95/cwkV2FBucwM4XixKMkYNALOmoAxVQQblluCsKL2VojHSCFsbF9VW0Kw/OVV0ml4ge8Fdxf15nVZRwWcgFNwDgJwCZrgFrRAG2CQg2fwCt6cJ+fFeXc+FtE1p5ypgT9wPn8AfkqT/g==</latexit>



Why shall we bother about charm?

Discovery tool, standard model 
effects are ~10–3 or smaller, potential 
room for new physics to show up 

Unique, gives sensitivity to new 
physics coupling to up-type quarks 
(complementary to K and B(s) decays) 

Challenging, need O(1-100M) yields 
and control over systematic 
uncertainties. Predictions are difficult, 
not a precision probe

�3

NP?

NP?

ΔC=1

ΔC=2



Finally two concurrent charm factories
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LHCb Belle II

• Huge advantage in production 
rate, but also large 
backgrounds — stringent 
online selections 

• Superior decay-time resolution 
and access to larger decay 
times 

• …but tricky efficiency effects 
(e.g. decay-time acceptance) 

• Cleaner environment allows for 
more generous selections — 
milder efficiency effects  

• Better reconstruction of final 
states with neutrals/invisible 
particles 

• Much easier separation 
between promptly produced 
charm and secondary (from-B) 
decays



Prospects of data collection
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LHCb-PUB-2018-009
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The rule of thumb
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1 fb–1 1 ab–1~
@ LHCb @ Belle II



The rule of thumb
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1 fb–1 1 ab–1~
@ LHCb @ Belle II

does not hold for charm
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4

we require the D∗+ meson momentum calculated in the
center-of-mass system to be greater than 2.5, 2.6, and 3.0
GeV/c for the data taken below the Υ(4S), at the Υ(4S),
and above the Υ(4S) resonance, respectively. This mo-
mentum requirement also removes D∗+ → D0π+

s decays
from B meson decays, which do not give the proper decay
time of the D0 meson due to the finite B-meson lifetime.
The selection criteria described above are chosen by

maximizing RWSNRS
S /

√

RWSNRS
S +NWS

B , where RWS

is the nominal ratio of WS to RS decay rates [3], NRS
S

is the number of events in the RS signal region of the
D∗+-D0 mass difference, ∆M ≡ M(D∗+ → D0(→
Kπ)π+

s ) − M(D0 → Kπ), and NWS
B is that in the WS

sideband regions of ∆M . We define the signal region as
∆M ∈ [0.144, 0.147] GeV/c2 and the background side-
bands as ∆M ∈ [0.141, 0.142] or [0.149, 0.151] GeV/c2.
When counting NRS

S , we subtract background candidates
in the signal region using candidates in the RS sideband
regions.
The measured D0 proper decay time is calculated as

t = mD0 L⃗ · p⃗/|p⃗|2 where L⃗ is the vector joining the de-
cay and production vertices of the D0, p⃗ is the D0 mo-
mentum, and mD0 and τ are the nominal D0 mass and
lifetime [3]. We require the uncertainty on t to satisfy
σt/τ < 1.0, and t/τ ∈ [−5, 10]. These selections are de-
termined from 5000 simplified simulated experiments by
maximizing our sensitivity to the mixing parameters and
minimizing the systematic biases in them.
Using these selections, we find no significant back-

grounds in WS candidates that peak in the signal region
from a large-statistics sample of fully simulated e+e− →
hadrons events in our GEANT3-based [15] Monte Carlo
(MC) simulation. Figure 1 shows the time-integrated
distributions of ∆M from RS and WS candidate events
after applying all the selections described above.
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FIG. 1: Time-integrated distributions for the mass difference
of RS (left) and WS (right) candidates. Points with error bars
are the data; full and dashed lines are, respectively, the signal
and background fits described in the text.

The time-integrated RS signal shown in Fig. 1 is
parametrized as a sum of Gaussian and Johnson SU [16]
distributions with a common mean. The time-dependent
RS signal in each bin of the proper decay time is fit

with a Johnson SU only. The shapes of the WS sig-
nal are fixed using the corresponding RS signal shapes,
and fit with only the signal normalization allowed to
vary. The backgrounds in RS and WS decay events are
fit independently and are parametrized with the form
(∆M −mπ+)αe−β(∆M−m

π+), where α and β are free fit
parameters, and mπ+ is the nominal mass of π+ [3]. The
fits give 2 980 710±1885 RS and 11 478±177 WS de-
cays, giving an inclusive ratio of WS to RS decay rates
of (3.851± 0.059)× 10−3. The uncertainty is statistical
only.

We obtain the resolution function of Eq. (3) from the
proper decay time distribution of RS decays after sub-
tracting a small level of background events using the
sideband regions defined above. This is shown in Fig. 2.
We parametrize the proper decay time distribution of RS
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FIG. 2: Distribution of the proper decay time from
background-subtracted RS decays in the signal region (points
with error bars) and in the sideband regions (shaded). The
curve shows the fit to the signal.

decays with the convolution of an exponential and a res-
olution function that is constructed as the sum of four
Gaussians, R(t/τ) =

∑4
i=1 fiGi(t/τ ;µi,σi), where Gi is

a Gaussian distribution with mean µi and width σi and
fi is its weight. The mean µi is further parametrized
with µi = µ1 + aσi, where µ1 is the mean of the core
Gaussian G1 (i = 2, 3, 4). The parameters a and µ1 de-
scribe a possible asymmetry of the resolution function.
All parameters of the resolution function float freely and
the fit is shown in Fig. 2. The D0 lifetime is also a free
fit parameter, for which we obtain (408.5± 0.9) fs, where
the uncertainty is statistical only. This D0 lifetime is
consistent with the world-average value [3] and the other
Belle measurement [17], which gives further confidence in
our parametrization of the resolution function.

To calculate the time-dependent WS to RS decay rate
ratio, we divide the samples shown in Fig. 1 into ten bins
of proper decay time. Our binning choice is made us-

N/L~10k

Belle 
1/ab

[PRL 112 (2014) 111801]

D*+→D0(→K+π–)π+
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4

we require the D∗+ meson momentum calculated in the
center-of-mass system to be greater than 2.5, 2.6, and 3.0
GeV/c for the data taken below the Υ(4S), at the Υ(4S),
and above the Υ(4S) resonance, respectively. This mo-
mentum requirement also removes D∗+ → D0π+

s decays
from B meson decays, which do not give the proper decay
time of the D0 meson due to the finite B-meson lifetime.
The selection criteria described above are chosen by

maximizing RWSNRS
S /

√

RWSNRS
S +NWS

B , where RWS

is the nominal ratio of WS to RS decay rates [3], NRS
S

is the number of events in the RS signal region of the
D∗+-D0 mass difference, ∆M ≡ M(D∗+ → D0(→
Kπ)π+

s ) − M(D0 → Kπ), and NWS
B is that in the WS

sideband regions of ∆M . We define the signal region as
∆M ∈ [0.144, 0.147] GeV/c2 and the background side-
bands as ∆M ∈ [0.141, 0.142] or [0.149, 0.151] GeV/c2.
When counting NRS

S , we subtract background candidates
in the signal region using candidates in the RS sideband
regions.
The measured D0 proper decay time is calculated as

t = mD0 L⃗ · p⃗/|p⃗|2 where L⃗ is the vector joining the de-
cay and production vertices of the D0, p⃗ is the D0 mo-
mentum, and mD0 and τ are the nominal D0 mass and
lifetime [3]. We require the uncertainty on t to satisfy
σt/τ < 1.0, and t/τ ∈ [−5, 10]. These selections are de-
termined from 5000 simplified simulated experiments by
maximizing our sensitivity to the mixing parameters and
minimizing the systematic biases in them.
Using these selections, we find no significant back-

grounds in WS candidates that peak in the signal region
from a large-statistics sample of fully simulated e+e− →
hadrons events in our GEANT3-based [15] Monte Carlo
(MC) simulation. Figure 1 shows the time-integrated
distributions of ∆M from RS and WS candidate events
after applying all the selections described above.
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FIG. 1: Time-integrated distributions for the mass difference
of RS (left) and WS (right) candidates. Points with error bars
are the data; full and dashed lines are, respectively, the signal
and background fits described in the text.

The time-integrated RS signal shown in Fig. 1 is
parametrized as a sum of Gaussian and Johnson SU [16]
distributions with a common mean. The time-dependent
RS signal in each bin of the proper decay time is fit

with a Johnson SU only. The shapes of the WS sig-
nal are fixed using the corresponding RS signal shapes,
and fit with only the signal normalization allowed to
vary. The backgrounds in RS and WS decay events are
fit independently and are parametrized with the form
(∆M −mπ+)αe−β(∆M−m

π+), where α and β are free fit
parameters, and mπ+ is the nominal mass of π+ [3]. The
fits give 2 980 710±1885 RS and 11 478±177 WS de-
cays, giving an inclusive ratio of WS to RS decay rates
of (3.851± 0.059)× 10−3. The uncertainty is statistical
only.

We obtain the resolution function of Eq. (3) from the
proper decay time distribution of RS decays after sub-
tracting a small level of background events using the
sideband regions defined above. This is shown in Fig. 2.
We parametrize the proper decay time distribution of RS
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FIG. 2: Distribution of the proper decay time from
background-subtracted RS decays in the signal region (points
with error bars) and in the sideband regions (shaded). The
curve shows the fit to the signal.

decays with the convolution of an exponential and a res-
olution function that is constructed as the sum of four
Gaussians, R(t/τ) =

∑4
i=1 fiGi(t/τ ;µi,σi), where Gi is

a Gaussian distribution with mean µi and width σi and
fi is its weight. The mean µi is further parametrized
with µi = µ1 + aσi, where µ1 is the mean of the core
Gaussian G1 (i = 2, 3, 4). The parameters a and µ1 de-
scribe a possible asymmetry of the resolution function.
All parameters of the resolution function float freely and
the fit is shown in Fig. 2. The D0 lifetime is also a free
fit parameter, for which we obtain (408.5± 0.9) fs, where
the uncertainty is statistical only. This D0 lifetime is
consistent with the world-average value [3] and the other
Belle measurement [17], which gives further confidence in
our parametrization of the resolution function.

To calculate the time-dependent WS to RS decay rate
ratio, we divide the samples shown in Fig. 1 into ten bins
of proper decay time. Our binning choice is made us-

N/L~10k

Belle 
1/ab

[PRL 112 (2014) 111801]

D*+→D0(→K+π–)π+

N/L~0.5k
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greater than 2.2 GeV=c in the center-of-mass frame. This
requirement significantly reduces background from random
D0πþs combinations.
After all selection criteria, the fraction of signal events

with multiple D" candidates is 8.6%. If this is due to
multiple D0 candidates, we retain the one having the
smallest

P
χ2K0

S
, where χ2K0

S
is the test statistic of the K0

S

vertex-constraint fit. In case several D" candidates remain,
the one having the charged pion with the smallest trans-
verse impact parameter is retained. This choice correctly
identifies the true D" → D0½K0

SK
0
S$πs decay with an effi-

ciency of 98%. The best-candidate selection efficiency is
the same for D"þ and D"− candidates. For the normaliza-
tion mode, the fraction of signal events with multiple D"

candidates is 27.3%. If this is due to multiple D0 candi-
dates, we retain the one having the smallest value for the
sum of χ2K0

S
and χ2π0 , where χ

2
π0 is the test statistic of the π

0

mass-constraint fit. This procedure for D0 → K0
Sπ

0 selects
the correct candidate with an efficiency of 89%.
We describe the ΔM distributions for D0 → K0

SK
0
S and

D0 → K0
Sπ

0 using the sum of two symmetric and one
asymmetric Gaussian functions with a common most
probable value. All the mode-dependent shape parameters
are fixed from MC estimations, except for the mean and a
common calibration factor for the symmetric Gaussians that
accounts for a data-MC difference in the ΔM resolution.
The backgrounds caused by processes with the same final

state as the reconstructedmodes, mainly,D0 → K0
Sπ

þπ− for
the signal mode and D0 → πþπ−π0 for the normalization
mode, peak in the ΔM distribution. These peaking back-
grounds are estimated directly from the data using the
K0

S mass sidebands defined as 0.470GeV=c2<Mππ<
0.478GeV=c2 and 0.516GeV=c2<Mππ<0.526GeV=c2.
The peaking background has the same ΔM shape as the
signal, and its yield is fixed based on the estimation
described above to 267 events for D → K0

Sπ
þπ− and

1923 events for D0 → πþπ−π0. The combinatorial back-
ground shapes are modeled with an empirical threshold
function fðxÞ ¼ ðx −mπÞa exp½−bðx −mπÞ$, where mπ is
the nominal charged pion mass, and a and b are shape
parameters.
An extended unbinned maximum likelihood fit to

the two combined-charge D" ΔM distributions yields
5399 ( 87 D0→K0

SK
0
S events and 537360( 833 D0→

K0
Sπ

0 events. A simultaneous fit of the ΔM distributions
for D"þ and D"− (see Fig. 1) is used to calculate the raw
asymmetry inD0 → K0

SK
0
S. A similar procedure is followed

for the D0 → K0
Sπ

0 sample. The signal and background
shape parameters are common for both the particle and
antiparticle. Both asymmetries in signal and background
are allowed to vary in the fit. The value of Araw for the
peaking background in D0 → K0

Sπ
0 is fixed to zero,

whereas its value in D0 → K0
SK

0
S is fixed to the value

obtained in the data for the D0 → K0
Sπ

0 signal. Here we
assume that the peaking background in D0 → K0

Sπ
0 has

zero net ACP. The fitted values of Araw for the D0 → K0
SK

0
S

and D0 → K0
Sπ

0 decay modes are ðþ0.45 ( 1.53Þ% and
ðþ0.16 ( 0.14Þ%, respectively. The resulting time-inte-
grated CP-violating asymmetry in the D0 → K0

SK
0
S decay

is ACP ¼ ð−0.02 ( 1.53Þ%.
For the branching fraction measurement, we use only the

D"þ candidates that have a momentum greater than
2.5 GeV=c in the center-of-mass frame. This suppresses
the component arising from bb̄ events and, hence, sim-
plifies the efficiency estimation and controls the systematic
uncertainty, which is the dominant uncertainty in this
measurement. The ΔM fit yields 4755 ( 79 D0 → K0

SK
0
S

decays and 475439 ( 767 D0 → K0
Sπ

0 decays. The selec-
tion efficiencies are ð9.74 ( 0.02Þ% and ð11.11 ( 0.02Þ%,
respectively. Using Eq. (6), we then obtain BðD0→K0

SK
0
SÞ=

BðD0→K0
Sπ

0Þ¼ð1.101( 0.023Þ%. All quoted uncertain-
ties are statistical.
Table I lists various sources of systematic uncertainties in

ACP and B of D0 → K0
SK

0
S. As the branching fraction
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FIG. 1. Distributions of the mass difference ΔM for selected
D"þ (left) and D"− (right) candidates reconstructed as
D0½K0

Sπ
0$πs (top) and D0½K0

SK
0
S$πs (bottom) decays. The points

with error bars show the data, and the curves show the result of
the fits with the following components: signal (long-dashed red),
peaking background (dotted cyan), combinatorial background
(dashed blue), and their sum (plain blue). The normalized
residuals (pulls) and χ2=DOF, where DOF is the number of
degrees of freedom, are also shown for each plot.
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4

we require the D∗+ meson momentum calculated in the
center-of-mass system to be greater than 2.5, 2.6, and 3.0
GeV/c for the data taken below the Υ(4S), at the Υ(4S),
and above the Υ(4S) resonance, respectively. This mo-
mentum requirement also removes D∗+ → D0π+

s decays
from B meson decays, which do not give the proper decay
time of the D0 meson due to the finite B-meson lifetime.
The selection criteria described above are chosen by

maximizing RWSNRS
S /

√

RWSNRS
S +NWS

B , where RWS

is the nominal ratio of WS to RS decay rates [3], NRS
S

is the number of events in the RS signal region of the
D∗+-D0 mass difference, ∆M ≡ M(D∗+ → D0(→
Kπ)π+

s ) − M(D0 → Kπ), and NWS
B is that in the WS

sideband regions of ∆M . We define the signal region as
∆M ∈ [0.144, 0.147] GeV/c2 and the background side-
bands as ∆M ∈ [0.141, 0.142] or [0.149, 0.151] GeV/c2.
When counting NRS

S , we subtract background candidates
in the signal region using candidates in the RS sideband
regions.
The measured D0 proper decay time is calculated as

t = mD0 L⃗ · p⃗/|p⃗|2 where L⃗ is the vector joining the de-
cay and production vertices of the D0, p⃗ is the D0 mo-
mentum, and mD0 and τ are the nominal D0 mass and
lifetime [3]. We require the uncertainty on t to satisfy
σt/τ < 1.0, and t/τ ∈ [−5, 10]. These selections are de-
termined from 5000 simplified simulated experiments by
maximizing our sensitivity to the mixing parameters and
minimizing the systematic biases in them.
Using these selections, we find no significant back-

grounds in WS candidates that peak in the signal region
from a large-statistics sample of fully simulated e+e− →
hadrons events in our GEANT3-based [15] Monte Carlo
(MC) simulation. Figure 1 shows the time-integrated
distributions of ∆M from RS and WS candidate events
after applying all the selections described above.
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FIG. 1: Time-integrated distributions for the mass difference
of RS (left) and WS (right) candidates. Points with error bars
are the data; full and dashed lines are, respectively, the signal
and background fits described in the text.

The time-integrated RS signal shown in Fig. 1 is
parametrized as a sum of Gaussian and Johnson SU [16]
distributions with a common mean. The time-dependent
RS signal in each bin of the proper decay time is fit

with a Johnson SU only. The shapes of the WS sig-
nal are fixed using the corresponding RS signal shapes,
and fit with only the signal normalization allowed to
vary. The backgrounds in RS and WS decay events are
fit independently and are parametrized with the form
(∆M −mπ+)αe−β(∆M−m

π+), where α and β are free fit
parameters, and mπ+ is the nominal mass of π+ [3]. The
fits give 2 980 710±1885 RS and 11 478±177 WS de-
cays, giving an inclusive ratio of WS to RS decay rates
of (3.851± 0.059)× 10−3. The uncertainty is statistical
only.

We obtain the resolution function of Eq. (3) from the
proper decay time distribution of RS decays after sub-
tracting a small level of background events using the
sideband regions defined above. This is shown in Fig. 2.
We parametrize the proper decay time distribution of RS
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FIG. 2: Distribution of the proper decay time from
background-subtracted RS decays in the signal region (points
with error bars) and in the sideband regions (shaded). The
curve shows the fit to the signal.

decays with the convolution of an exponential and a res-
olution function that is constructed as the sum of four
Gaussians, R(t/τ) =

∑4
i=1 fiGi(t/τ ;µi,σi), where Gi is

a Gaussian distribution with mean µi and width σi and
fi is its weight. The mean µi is further parametrized
with µi = µ1 + aσi, where µ1 is the mean of the core
Gaussian G1 (i = 2, 3, 4). The parameters a and µ1 de-
scribe a possible asymmetry of the resolution function.
All parameters of the resolution function float freely and
the fit is shown in Fig. 2. The D0 lifetime is also a free
fit parameter, for which we obtain (408.5± 0.9) fs, where
the uncertainty is statistical only. This D0 lifetime is
consistent with the world-average value [3] and the other
Belle measurement [17], which gives further confidence in
our parametrization of the resolution function.

To calculate the time-dependent WS to RS decay rate
ratio, we divide the samples shown in Fig. 1 into ten bins
of proper decay time. Our binning choice is made us-

N/L~10k
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greater than 2.2 GeV=c in the center-of-mass frame. This
requirement significantly reduces background from random
D0πþs combinations.
After all selection criteria, the fraction of signal events

with multiple D" candidates is 8.6%. If this is due to
multiple D0 candidates, we retain the one having the
smallest

P
χ2K0

S
, where χ2K0

S
is the test statistic of the K0

S

vertex-constraint fit. In case several D" candidates remain,
the one having the charged pion with the smallest trans-
verse impact parameter is retained. This choice correctly
identifies the true D" → D0½K0

SK
0
S$πs decay with an effi-

ciency of 98%. The best-candidate selection efficiency is
the same for D"þ and D"− candidates. For the normaliza-
tion mode, the fraction of signal events with multiple D"

candidates is 27.3%. If this is due to multiple D0 candi-
dates, we retain the one having the smallest value for the
sum of χ2K0

S
and χ2π0 , where χ

2
π0 is the test statistic of the π

0

mass-constraint fit. This procedure for D0 → K0
Sπ

0 selects
the correct candidate with an efficiency of 89%.
We describe the ΔM distributions for D0 → K0

SK
0
S and

D0 → K0
Sπ

0 using the sum of two symmetric and one
asymmetric Gaussian functions with a common most
probable value. All the mode-dependent shape parameters
are fixed from MC estimations, except for the mean and a
common calibration factor for the symmetric Gaussians that
accounts for a data-MC difference in the ΔM resolution.
The backgrounds caused by processes with the same final

state as the reconstructedmodes, mainly,D0 → K0
Sπ

þπ− for
the signal mode and D0 → πþπ−π0 for the normalization
mode, peak in the ΔM distribution. These peaking back-
grounds are estimated directly from the data using the
K0

S mass sidebands defined as 0.470GeV=c2<Mππ<
0.478GeV=c2 and 0.516GeV=c2<Mππ<0.526GeV=c2.
The peaking background has the same ΔM shape as the
signal, and its yield is fixed based on the estimation
described above to 267 events for D → K0

Sπ
þπ− and

1923 events for D0 → πþπ−π0. The combinatorial back-
ground shapes are modeled with an empirical threshold
function fðxÞ ¼ ðx −mπÞa exp½−bðx −mπÞ$, where mπ is
the nominal charged pion mass, and a and b are shape
parameters.
An extended unbinned maximum likelihood fit to

the two combined-charge D" ΔM distributions yields
5399 ( 87 D0→K0

SK
0
S events and 537360( 833 D0→

K0
Sπ

0 events. A simultaneous fit of the ΔM distributions
for D"þ and D"− (see Fig. 1) is used to calculate the raw
asymmetry inD0 → K0

SK
0
S. A similar procedure is followed

for the D0 → K0
Sπ

0 sample. The signal and background
shape parameters are common for both the particle and
antiparticle. Both asymmetries in signal and background
are allowed to vary in the fit. The value of Araw for the
peaking background in D0 → K0

Sπ
0 is fixed to zero,

whereas its value in D0 → K0
SK

0
S is fixed to the value

obtained in the data for the D0 → K0
Sπ

0 signal. Here we
assume that the peaking background in D0 → K0

Sπ
0 has

zero net ACP. The fitted values of Araw for the D0 → K0
SK

0
S

and D0 → K0
Sπ

0 decay modes are ðþ0.45 ( 1.53Þ% and
ðþ0.16 ( 0.14Þ%, respectively. The resulting time-inte-
grated CP-violating asymmetry in the D0 → K0

SK
0
S decay

is ACP ¼ ð−0.02 ( 1.53Þ%.
For the branching fraction measurement, we use only the

D"þ candidates that have a momentum greater than
2.5 GeV=c in the center-of-mass frame. This suppresses
the component arising from bb̄ events and, hence, sim-
plifies the efficiency estimation and controls the systematic
uncertainty, which is the dominant uncertainty in this
measurement. The ΔM fit yields 4755 ( 79 D0 → K0

SK
0
S

decays and 475439 ( 767 D0 → K0
Sπ

0 decays. The selec-
tion efficiencies are ð9.74 ( 0.02Þ% and ð11.11 ( 0.02Þ%,
respectively. Using Eq. (6), we then obtain BðD0→K0

SK
0
SÞ=

BðD0→K0
Sπ

0Þ¼ð1.101( 0.023Þ%. All quoted uncertain-
ties are statistical.
Table I lists various sources of systematic uncertainties in

ACP and B of D0 → K0
SK

0
S. As the branching fraction
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FIG. 1. Distributions of the mass difference ΔM for selected
D"þ (left) and D"− (right) candidates reconstructed as
D0½K0

Sπ
0$πs (top) and D0½K0

SK
0
S$πs (bottom) decays. The points

with error bars show the data, and the curves show the result of
the fits with the following components: signal (long-dashed red),
peaking background (dotted cyan), combinatorial background
(dashed blue), and their sum (plain blue). The normalized
residuals (pulls) and χ2=DOF, where DOF is the number of
degrees of freedom, are also shown for each plot.
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Direct CP violation
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D    f 2≠ D    f 2
_ _



CP asymmetries with D0→h+h– decays
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ACP (D
0 ! h+h�) =

�(D0 ! h+h�)� �(D0 ! h+h�)

�(D0 ! h+h�) + �(D0 ! h+h�)
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Detection asymmetry of tagging 
particle (π+ or μ–) — D0 final 

state does not contribute being 
charge symmetric

Production asymmetry of 
parent hadron (D*+ or B̄)

A(h+h�) = ACP (h
+h�) +AD +AP

The CP asymmetry we 
want to measure
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particle (π+ or μ–) — D0 final 

state does not contribute being 
charge symmetric

Production asymmetry of 
parent hadron (D*+ or B̄)
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The CP asymmetry we 
want to measure
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|ACP| ~ rCKM = Im(VubVcb*/VuqVcq*) ≈ 6.5×10–4

• In the standard model, CP violation in D0➝h+h– is generated by the interference 
between the tree and the penguin diagrams 
 
 
 
 
 
 
 
 

• In the limit of SU(3)/U-spin symmetry, ACP(K+K–) and ACP(π+π–) have same 
magnitude and opposite signs ⟹ |ΔACP| ≈ 13×10–4 

• In addition to be robust against experimental biases, ΔACP provides enhanced 
sensitivity to CP violation

Naive expectation

�10



D0➝h+h– decays at LHCb

�11

primary 
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Results
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5.3σ deviation from zero 
first observation of CP violation in charm
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[PRL 116 (2016) 191601]

–14    ± 16    (stat) ± 8    (syst) µ tagged (Run 1) 
[JHEP 07 (2014) 041]

[PRL 122 (2019) 211803]

https://arxiv.org/abs/1602.03160
https://arxiv.org/abs/1405.2797
https://arxiv.org/abs/1903.08726


Now what?

• Measured value is in the ballpark of the standard model value 

• Difficult to say if new physics is at play. Need better control of 
the QCD effects 

• Experimentally look for CP violation in radiative decays, test 
isospin sum rules and SU(3) related modes 

• Huge program of measurements, where Belle II role with 
neutrals will be crucial 

• Can we expect any progress on the theory (LQCD) side?

�13



CP violation in D+→π+π0 decays

• In the standard model ∆ACP comes from 
∆U=0 transitions 

• CP violation in ∆U=1, e.g. in D+→π+π0, 
would unambiguously be new physics 

• Current best measurement from Belle (1/ab) 
 

• D*+ tagging crucial in suppressing the 
background 

• Similar performances expected for Belle II. 
Sensitivity with 50/ab ~0.17%, maybe 
possible at LHCb but difficult
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ACP = (2.3 ± 1.2 ± 0.2)%

of a Crystal Ball (CB) [18] and a Gaussian function to
model the signal peak for both tagged and untagged fits.
The background in the tagged fit is parametrized by the
sum of a reversed CB and a linear polynomial, while that
for the untagged fit uses a quadratic rather than a linear
polynomial. All signal shape parameters for the tagged fit
are fixed to MC values except for an overall mean and a
width scaling factor, which are floated. We introduce the
scaling factor to account for the possible difference
between data and simulations. For the untagged fit, all
shape parameters are fixed to MC values, aside from the
overall mean, which is floated, and the width scaling factor,
which is fixed from the tagged-data fit. For the background,
the cutoff and tail parameters of the reversed CB are fixed
from MC events, and all other shape parameters are
floated. For the tagged fit, the two p!

D! intervals are
required to have a common signal asymmetry but have
separate background asymmetries. For the tagged sample,
the total signal yield obtained from the fit is 6632" 256
with Aππ

raw ¼ ðþ0.52" 1.92Þ%; the corresponding
results for the untagged sample are 100934" 1952 and

ðþ3.77" 1.60Þ%. The quoted uncertainties are statistical.
Figures 1 and 2 show the projections of the simultaneous
fit performed on the tagged and untagged data samples,
respectively.
For the Dþ → K0

Sπ
þ normalization channel, a fitting

range of 1.80–1.94 GeV=c2 is chosen and the simultaneous
fits for the tagged sample, with two p!

D! intervals, and the
untagged sample are performed as for the D → ππ signal
channel. The narrower fitting range can be afforded
because of the better D-mass resolution. The signal peak
is modeled with the sum of a Gaussian and an asymmetric
Gaussian function, with all shape parameters floated. The
background shape is parametrized with a linear polynomial,
whose slope is floated. The total signal yield obtained from
the tagged fit is 68434" 308 with AKπ

raw¼ð−0.29"0.44Þ%;
the corresponding results for the untagged sample are
982029" 1797 and ð−0.25 " 0.17Þ%. The quoted uncer-
tainties are again statistical. Figure 3 shows the projections
of the simultaneous fit performed on the tagged and
untagged data samples.
From the results of the fit to the signal and normalization

channels, we calculate ΔAraw (tagged) ¼ ðþ0.81" 1.97"
0.19Þ% and ΔAraw (untagged)¼ ðþ4.02" 1.61" 0.32Þ%.
The first uncertainty quoted in each measurement is
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FIG. 2. Invariant mass distributions for the π"π0 system for the
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the bottom two show the corresponding background-subtracted
distributions. Left (right) panels correspond to Dþ (D−) samples.
Points with error bars, colored curves, and residual plots are
described in the caption of Fig. 1.
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D! > 2.95 GeV=c (top)
and 2.50 GeV=c < p!

D! < 2.95 GeV=c (bottom). Left (right)
panels correspond to Dþ (D−) samples. Points with error bars
are the data. The solid blue curves are the results of the fit. The
red dashed, blue dotted and green dash-dotted curves show the
signal, total- and peaking-background contributions, respectively.
The normalized residuals are shown below each distribution,
and the post-fit χ2 per degree of freedom (χ2=d:o:f:) is given
in each panel.
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of a Crystal Ball (CB) [18] and a Gaussian function to
model the signal peak for both tagged and untagged fits.
The background in the tagged fit is parametrized by the
sum of a reversed CB and a linear polynomial, while that
for the untagged fit uses a quadratic rather than a linear
polynomial. All signal shape parameters for the tagged fit
are fixed to MC values except for an overall mean and a
width scaling factor, which are floated. We introduce the
scaling factor to account for the possible difference
between data and simulations. For the untagged fit, all
shape parameters are fixed to MC values, aside from the
overall mean, which is floated, and the width scaling factor,
which is fixed from the tagged-data fit. For the background,
the cutoff and tail parameters of the reversed CB are fixed
from MC events, and all other shape parameters are
floated. For the tagged fit, the two p!

D! intervals are
required to have a common signal asymmetry but have
separate background asymmetries. For the tagged sample,
the total signal yield obtained from the fit is 6632" 256
with Aππ

raw ¼ ðþ0.52" 1.92Þ%; the corresponding
results for the untagged sample are 100934" 1952 and

ðþ3.77" 1.60Þ%. The quoted uncertainties are statistical.
Figures 1 and 2 show the projections of the simultaneous
fit performed on the tagged and untagged data samples,
respectively.
For the Dþ → K0

Sπ
þ normalization channel, a fitting

range of 1.80–1.94 GeV=c2 is chosen and the simultaneous
fits for the tagged sample, with two p!

D! intervals, and the
untagged sample are performed as for the D → ππ signal
channel. The narrower fitting range can be afforded
because of the better D-mass resolution. The signal peak
is modeled with the sum of a Gaussian and an asymmetric
Gaussian function, with all shape parameters floated. The
background shape is parametrized with a linear polynomial,
whose slope is floated. The total signal yield obtained from
the tagged fit is 68434" 308 with AKπ

raw¼ð−0.29"0.44Þ%;
the corresponding results for the untagged sample are
982029" 1797 and ð−0.25 " 0.17Þ%. The quoted uncer-
tainties are again statistical. Figure 3 shows the projections
of the simultaneous fit performed on the tagged and
untagged data samples.
From the results of the fit to the signal and normalization

channels, we calculate ΔAraw (tagged) ¼ ðþ0.81" 1.97"
0.19Þ% and ΔAraw (untagged)¼ ðþ4.02" 1.61" 0.32Þ%.
The first uncertainty quoted in each measurement is
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panels correspond to Dþ (D−) samples. Points with error bars
are the data. The solid blue curves are the results of the fit. The
red dashed, blue dotted and green dash-dotted curves show the
signal, total- and peaking-background contributions, respectively.
The normalized residuals are shown below each distribution,
and the post-fit χ2 per degree of freedom (χ2=d:o:f:) is given
in each panel.
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untagged

tagged with D*+→D+π0

[PRD 97 (2018) 011101(R)]

https://arxiv.org/abs/1712.00619


Prospects for direct CP violation
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Decay mode Current best sensitivity 
(stat + syst) [10–3]

LHCb 300/fb 
(stat only) [10–3]

Belle II 50/ab 
(stat+syst) [10–3]

ΔACP 0.29 LHCb (9/fb) 0.03 0.6
D0➝K+K– 1.8 LHCb (3/fb) 0.07 0.3
D0➝π+π– 1.8 LHCb (3/fb) 0.07 0.5
D0➝π0π0 6.5 Belle (1/ab) (?) 0.9
D0➝K+π– 9.1 LHCb (5/fb) 0.5 (4.0)
D0➝KSKS 15 Belle (1/ab) 2.8 2.1
Ds➝KSπ+ 18 LHCb (6.8/fb)
 0.32 2.9
D+➝KSK+ 0.76 LHCb (6.8/fb) 0.12 0.4
D0➝𝜙𝛾 66 Belle (1/ab) (?) 10
D0➝ρ0𝛾 150 Belle (1/ab) (?) 20
D+➝𝜙π+ 0.49 LHCb (4.8/fb) 0.06 0.4
D+➝π0π+ 13 Belle (1/ab) (?) 1.7



Mixing-induced CP violation
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D0    D0   f 2≠ D0    D0   f 2
_ _

|D1,2>=p|D0>±q|D0>
_

x=(m1-m2)/|
_

y=(| 1-| 2)/2|
___



Impressive reach
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Reach of direct 
searches
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Experimental status
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.No mixing

.No CP violation
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Theory expectation
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• Charm mixing is long-distance dominated. 
Impossible to calculate (?) 

• CP violation in ΔC=2 transitions expected 
at order rCKM/ε ≈ 2×10–3 ~ 1/8o (for a 
nominal U-spin breaking ε~30%) 

• Experimental sensitivity limited by the 
knowledge of x12 ≈ x 

• Available mixing measurements are 
mostly based on decays to two-body 
final states, which are primarily 
sensitive to y 

• Need more measurements with multi-
body final states
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Mixing with D0→KSπ+π–

• Multiple interfering amplitudes 
enhance the sensitivity to mixing  
 

• Requires a time-dependent 
Dalitz-plot analysis 

• Pioneered by CLEO in 2005, 
then followed by B factories with 
larger yields 

• Belle 1/ab result has been for 
long the best determination of x 
available
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[PRD 89 (2014) 091103]

Belle

ϱ

K*(892)–

K*(892)+

f0(980)

K0*(1430)–

K0*(1430)+

5

D-wave decays, we include 12 intermediate resonances
described by relativistic Breit-Wigner parameterizations
with mass dependent widths, Blatt-Weisskopf penetra-
tion factors as form factors and Zemach tensors for the
angular dependence [18]. For the ππ S-wave dynamics,
we adopt the K-matrix formalism with P -vector approx-
imation [19]. For the K0

Sπ S-wave, we follow the same
description as in Ref. [13]. We tested different decay am-
plitude models by adding or removing resonances with
small contributions or by using alternative parameteri-
zations.

The random πs background contains real D0 and D0

candidates; for these events, the charge of the πs is uncor-
related with the flavor of the neutral D. Thus the PDF is
taken to be (1− fw)|M(f, t)|2 + fw|M(f, t)|2, convolved
with the same resolution function as that used for the sig-
nal, where fw is the wrong-tagged fraction. We measure
fw by performing a fit to the candidates that populate
the Q sideband 3 MeV < |Q− 5.85 MeV| < 14.15 MeV,
resulting in fw = 0.511± 0.003. The DP and decay time
PDFs for combinatorial background are determined from
the M sideband (30 MeV/c2< |M−mD0 | < 50 MeV/c2).
The decay time PDF is described using the sum of a delta
function and an exponential component convolved by a
triple-Gaussian as a resolution function. We validate the
fitting procedure with fully simulated MC experiments.
The fitter returns the mixing parameters consistent with
the inputs for signal samples with and without back-
ground events included.
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Figure 2: Dalitz distribution and Dalitz variables (m2
+, m

2
−

and m2
ππ) projections for the selected data sample. The full

line represents the result of the fit described in the text.

We first perform a decay-time integrated fit to the DP
distribution by setting the amplitudes and phases for in-
termediate states free separately for D0 and D0 decays.
We observe that the two sets of parameters are consis-
tent and so, hereinafter, assume Af = Af . In our sub-
sequent fit to the data sample, we set the free parame-
ters to be (x, y), the D0 lifetime τ , the parameters of
the proper decay time resolution function, and the am-
plitude model parameters. We extract the mixing pa-
rameters x = (0.56 ± 0.19)% and y = (0.30 ± 0.15)%,
with the statistical correlation coefficient between x and
y of 0.012. We also determine the D0 mean lifetime τ
= (410.3± 0.6) fs, in agreement with the world aver-
age [17]. The projections of the DP distribution and
D0 proper time are shown in Figs. 2 and 3, respec-
tively. Table I lists the results for the DP resonance
parameters. To evaluate the fit quality of the amplitude
fit, we perform a two-dimensional χ2 test over the DP
plane, obtaining χ2/ndf=1.207 for 14264− 49 degrees of
freedom (ndf). The fit correctly reproduces the DP of
the data, with some small discrepancies at the dips of
the distribution in the central m2

ππ region (1.0GeV2/c4

< m2
ππ <1.3GeV2/c4).

Table II: Fit results for the mixing parameters x and y from
the CP -conserved fit and the CPV -allowed fit. The errors
are statistical, experimental systematic, and systematic due
to the amplitude model, respectively.

Fit type Parameter Fit result

No CPV x(%) 0.56± 0.19+0.03
−0.09

+0.06
−0.09

y(%) 0.30± 0.15+0.04
−0.05

+0.03
−0.06

CPV x(%) 0.56± 0.19+0.04
−0.08

+0.06
−0.08

y(%) 0.30± 0.15+0.04
−0.05

+0.03
−0.07

|q/p| 0.90+0.16
−0.15

+0.05
−0.04

+0.06
−0.05

arg(q/p)(◦) −6± 11±3+3
−4

We also search for CPV inD0/D0 → K0
Sπ

+π− decays.
The CPV parameters |q/p| and arg(q/p) are included
in the PDF. The values for the mixing parameters from
this fit are essentially identical to the ones from the CP -
conserved fit. The resulting CPV parameters are |q/p| =
0.90+0.16

−0.15 and arg(q/p) = (−6±11)◦ [∗]. The results from
the two fits are listed in Table II.

We consider several contributions to the experimen-

[∗] The correlations among the mixing and CPV parameters are:

Correlation coefficient

x y |q/p| arg(q/p)

x 1 0.054 -0.074 -0.031

y 1 0.034 -0.019

|q/p| 1 0.044

arg(q/p) 1

PD0 / e��t
�
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Bin-flip method
• Bin the Dalitz-plot to avoid amplitude model 

• Ratio of events in bin –b to events in bin b to 
suppress effects due to non-uniform efficiency 
variations (assuming CP symmetry) 
 

• Constrain hadronic parameters (cb, sb) using 
measurements with quantum-correlated D0D̄0 
pairs, i.e. at CLEO/BESIII 

• Mixing parameters from simultaneous fit to all 
bins. Split in D0 and D̄0 to access also indirect 
CP violation 

• Model-independent and completely data driven

�21

Rb ⇡ rb �
p
rb
⇥
(1� rb)cb y � (1 + rb)sb x

⇤
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[PRD 99 (2019) 012007]

https://arxiv.org/abs/1811.01032


Bin-flip D0→KSπ+π– at LHCb
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Table 2: Point estimates and 95.5% confidence-level (CL) intervals for the derived parameters.
The uncertainties include statistical and systematic contributions.

Parameter Value 95.5% CL interval

x [10�2] 0.27 +0.17
� 0.15 [�0.05, 0.60]

y [10�2] 0.74±0.37 [ 0.00, 1.50]
|q/p| 1.05 +0.22

� 0.17 [ 0.55, 2.15]
� �0.09 +0.11

� 0.16 [�0.73, 0.29]

sample (see Supplemental material), and on various partitions of the data, supports the
robustness of the analysis, including the correction of the (m(⇡+⇡�), t) correlations.

In summary, we report a measurement of the normalized mass di↵erence
between neutral charm-meson eigenstates using the recently proposed bin-flip
method. Allowing for CP violation in charm mixing, or in the interference
between mixing and decay, we measure the CP -averaged normalized mass dif-
ference xCP = [2.7± 1.6 (stat)± 0.4 (syst)]⇥ 10�3, and the CP -violating parameter
�x = [�0.53± 0.70 (stat)± 0.22 (syst)]⇥ 10�3. In addition, we report the CP -averaged
normalized width di↵erence yCP = [7.4± 3.6 (stat)± 1.1 (syst)]⇥ 10�3, along with the
corresponding CP -violating parameter �y = [0.6± 1.6 (stat)± 0.3 (syst)]⇥ 10�3. We use
the results to form a likelihood function of x, y, |q/p|, and � and derive confidence intervals
(Table 2) using a likelihood-ratio ordering that assumes the observed correlations to be
independent of the true parameter values [22]. The resulting determination of the mass
di↵erence is the most precise from a single experiment, as are the determinations of the
CP -violation parameters. While our result is consistent with x = 0 within two standard
deviations, combined with the current global knowledge it yields x = (3.9 +1.1

� 1.2)⇥ 10�3 [5],
strongly contributing to the emerging evidence for a nonzero (positive) mass di↵erence
between the neutral charm-meson eigenstates. The global constraints on CP violation in
the D0-D0 system are also greatly improved, with precisions on |q/p| and � more than
doubled compared to previous averages [5].
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D0→K+π−π+π−
• Doubly Cabibbo-suppressed decay

➡ Equivalent to WS Kπ but with phase space  
(4-body = 5-dimensional)

• No simultaneous access to CF decay

➡ Mixing parameters are rotated by strong phase difference

➡ But retain linear access to x’  
through phase variations

• Great potential for CP violating  
parameters

• Similar story for other c→dsu̅  
decays, e.g. D0→K+π−π0

➡ Potential for Belle II
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Other multibody modes

• Lots of other promising final states not yet explored/fully 
exploited experimentally:  
e.g. D0→K+π–π0,  
    D0→K+π–π+π–, 
   D0→KSπ+π–π0,  
   … 

• Model-independent 
analyses would have 
to rely on BESIII  
measurements of the  
strong-phase parameters
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Prospects for mixing-induced CP violation
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Conclusions
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Summary

• Observed (direct) CP violation in charm decays 

• Measured asymmetry seems consistent with standard model, 
although predictions suffer from large uncertainties due to strong-
interaction effects 

• Additional searches for CP violation in different decay modes can help 
to clarify the picture, together with improved theory calculations 

• Yet no signs for mixing-induced CP violation. Precision still ~10× larger 
than naive standard model expectation, so plenty of room for new 
physics 

• Huge experimental progress expected in the next decade(s) at LHCb and 
Belle II (with valuable inputs from BESIII). Can theory (LQCD) catch up?
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